Observations of the carbon-bearing molecules CO, HCN, CS, HNC, CN, and HCO + have been conducted toward the circumstellar envelope of the oxygen-rich red supergiant star, VY Canis Majoris (VY CMa), using the Arizona Radio Observatory (ARO). CO and HCN were also observed toward the O-rich shells of NML Cyg, TX Cam, IK Tau, and W Hya. Rotational transitions of these species at 1 mm, 0.8 mm, and 0.4 mm were measured with the ARO Submillimeter Telescope, including the J = 6 → 5 line of CO at 691 GHz toward TX Cam and W Hya. The ARO 12 m was used for 2 mm and 3 mm observations. Four transitions were observed for HCO + in VY CMa, the first definitive identification of this ion in a circumstellar envelope. Molecular line profiles from VY CMa are complex, indicating three separate outflows: a roughly spherical flow and separate red-and blueshifted winds, as suggested by earlier observations. Spectra from the other sources appear to trace a single outflow component. The line data were modeled with a radiative transfer code to establish molecular abundances relative to H 2 and source distributions. Abundances for CO derived for these objects vary over an order of magnitude, f ∼ 0.4-5 × 10 −4 , with the lower values corresponding to the supergiants. For HCN, a similar range in abundance is found (f ∼ 0.9-9 × 10 −6 ), with no obvious dependence on the mass-loss rate. In VY CMa, HCO + is present in all three outflows with f ∼ 0.4-1.6 × 10 All three velocity components are traced in CS, which has a confined spatial distribution and f ∼ 2-6 × 10 −7 . These observations suggest that carbon-bearing molecules in O-rich shells are produced by a combination of photospheric shocks and photochemistry. Shocks may play a more prominent role in the supergiants because of their macroturbulent velocities.
INTRODUCTION
Studies of circumstellar envelopes of evolved stars over the past few decades have suggested that the C/O ratio governs the chemistry of these objects (e.g., Tsuji 1973; Scalo and Slavsky 1980; Mamon et al. 1987) . In stars where C > O, the oxygen is thought to be almost entirely in the form of carbon monoxide with little remaining for other molecules. In the case where C < O, the majority of the carbon is proposed to be contained in CO such that abundances of other C-bearing species are negligible. However, more recent observations suggest that CO may not be the deciding species after all. H 2 O, H 2 CO, and even C 3 O have now been found in the shell of the extreme C-rich asymptotic giant branch (AGB) star IRC+10216 (e.g., Melnick et al. 2001; Ford et al. 2004; Tenenbaum et al. 2006) . Furthermore, HCN appears to be present in at least 50% of all O-rich circumstellar shells, including red giants, AGB stars, and supergiants (e.g., Nercessian et al. 1989; Olofsson et al. 1998) . In certain cases, such as the O-rich AGB stars TX Cam and IK Tau, CS and CN have also been observed (Olofsson et al. 1991 (Olofsson et al. , 1998 Bachiller et al. 1997) , adding further complexity to the issue. There has also been some speculation that the HCN abundance depends on the mass-loss rate (Olofsson et al. 1998 ). More recent work suggests that "parent" molecules such as HCN, CS, and CO are commonly present in all AGB circumstellar shells, independent of their evolutionary stage, first predicted theoretically (Cherchneff 2006 ) and then tested observationally (Decin et al. 2008 ).
Models of circumstellar chemistry can reproduce many of these unexpected observed abundances by invoking ionmolecule and radical-radical processes in the outer envelope. , for example, account for many of the O-containing molecules found in IRC+10216 using reactions based on atomic oxygen, produced by the photodissociation of CO in the outer shell. Both Willacy & Millar (1997) and Nejad & Millar (1988) explain the presence of HCN in O-rich shells with chemical pathways initiated by the photodestruction products of CH 4 : CH, CH 2 , and CH 3 . A large abundance of CH 4 is needed in this case. The HCN observations of Olofsson et al. (1998) suggest such a photochemical origin. More recent models, on the other hand, employ photospheric shocks as a means of creating carbon-bearing molecules in O-rich environments (Duari et al. 1999; Cherchneff 2006) . The high temperatures generated in the postshocked gas enable neutral-neutral reactions to occur that result in high concentrations of radicals such as CN, that subsequently lead to HCN and CS. High methane concentrations are not needed in this scenario. These calculations have successfully reproduced some of the observed abundances for such species as CO 2 and HCN (Duari et al. 1999; Bieging et al. 2000) .
One of the oxygen-rich stars that has recently been found to exhibit a complex chemistry is the supergiant VY Canis Majoris, or VY CMa . Unusual molecules such as NaCl and PO have been detected in the circumstellar shell of this star (Milam et al. 2009; Tenenbaum et al. 2007) . A surprising Justtanont et al. (2005) number of carbon-bearing molecules have been observed as well, including HNC and HCO + , as mentioned briefly in Ziurys et al. (2007) . In this paper we present the observations of carbon-bearing molecules in VY CMa, a detailed analysis of these data to establish abundances, and a comparison of these results with current models. We also present comparative observations of CO and HCN in other O-rich envelopes. In every case, multiple transitions were measured such that accurate abundances could be established. Here we describe these results and their implications for the chemistry in O-rich circumstellar shells.
OBSERVATIONS
The data were collected during the period 2005 December to 2008 March using the Arizona Radio Observatory's (ARO) 12 m dish on Kitt Peak and 10 m Submillimeter Telescope (SMT) on Mt. Graham. Source coordinates are given in Table 1 , and observing frequencies, beam efficiencies, and beam sizes are listed in Table 2 . Observations were conducted in beamswitching mode with a ±2 beam throw, and local oscillator shifts were done to check for image contamination. Pointing and focus were monitored regularly on planets and quasars.
The 2 and 3 mm measurements were carried out at the 12 m telescope using single-sideband dual-polarization SIS mixers with typical image rejection 17 dB. The backends consisted of 1 and 2 MHz resolution filterbanks operated in parallel (2 × 256 channels) mode, and a 782 kHz resolution autocorrelator. The intensity scale at the 12 m is given as T * R , which is the chopper-wheel antenna temperature corrected for forward spillover losses. Radiation temperature is then defined as T R = T * R /η c , where η c is the corrected beam efficiency. Data in the 1, 0.8, and 0.4 mm windows were collected at the SMT using a suite of three receivers. The temperature scale at the SMT is given in T * A , the chopper-wheel antenna temperature. Here the radiation temperature is defined as T R = T * A /η b , where η b is the main-beam efficiency. The 1 mm observations employed a dual-polarization ALMA Band 6 receiver system featuring sideband-separating mixers with typical image rejection of 15-20 dB. Measurements at 0.8 mm (340-360 GHz) were carried out using a double-sideband dual-polarization receiver. A new receiver operating from 620 to 710 GHz was used to obtain spectra of the CO: J = 6 → 5 transition at 691 GHz. This double-sideband system, which at the time of these observations was single polarization, features ALMA Band 9 mixers. Typical system temperatures at 691 GHz under good observing conditions were T sys ∼ 1600 K, DSB. The temperature scale for the double sideband receivers was established assuming equal gain in either sideband. Filter banks with 2048 channels at 1 MHz resolution were the backends used for all SMT measurements, typically operated in parallel mode (2 × 1024 channels). Ziurys et al. (2007) , observed toward VY CMa at 230 GHz, using the ARO SMT with 1 MHz spectral resolution. This spectrum consists of three velocity components, as indicated in the figure by dotted curves: a spherical outflow at the systemic velocity of the star, a blueshifted wind near V LSR = −5 km s −1 , and a redshifted flow with V LSR ∼ 45 km s −1 . The line profile has been modeled with these three components and the overall fit is shown overlying the spectrum as a solid line.
RESULTS
Six carbon-bearing molecules were observed in VY CMa: CO, CS, HCN, HNC, CN, and HCO + . While CO, HCN, and CN had been identified previously in this object (e.g., Nercessian et al. 1989; Bachiller et al. 1997; Kemper et al. 2003) , HNC, CS, and HCO + are new detections for VY CMa, as described in Ziurys et al. (2007) . HCO + had not been observed previously in an O-rich giant, supergiant, or AGB envelope. Several transitions were observed for each molecule, as shown in Table 2 , supporting these identifications. Apparent line parameters for each observed feature are given in Table 2 , including LSR velocity, line intensity (in T * A or T * R ), linewidth at half-power (ΔV 1/2 ), and integrated line intensity T * R dv or T * A dv. As this table illustrates, the line temperatures are all <1 K and the range of velocities is V LSR ∼ 19-22 km s −1 -characteristic of VY CMa (e.g., Kemper et al. 2003) . The linewidths are also broadtypically 55-70 km s −1 -but they are not uniformly the same. This variation arises from the fact that VY CMa has at least three separate outflows that are not traced by every molecule in all transitions (see Ziurys et al. 2007) . The presence or absence of the distinct velocity components produces different line profiles.
The three outflow components are visible in the spectrum of the J = 2 → 1 transition of CO, shown in Figure 1 . A Gaussian fit to this profile is shown overlaying the spectrum as a solid line, as well as its decomposition into three outflows, indicated on the figure as dashed curves. The spectrum appears to consist of a collimated, blueshifted wind near V LSR ≈ −5 km s −1 , a more diffuse redshifted flow with V LSR ∼ 45 km s −1 , and a roughly spherical flow, centered at the systemic velocity of the star of 
Notes.
a T * A applies to SMT data and T * R to 12 m data. b Line parameters measured for the combined redshifted, blueshifted, and central flow emission (see text). c Line parameters measured for the combined red-and blueshifted flow emission (see text). d Line parameters measured for the designated fine structure components; specific flows could not be discerned due to hyperfine splitting. e Blend of hyperfine components: F = 3/2 → 1/2, 5/2 → 3/2, 1/2 → 1/2, 3/2 → 3/2, 1/2 → 3/2. f Blend of hyperfine components: F = 1/2 → 3/2, 3/2 → 3/2, 5/2 → 3/2, 1/2 → 1/2, 3/2 → 1/2. g Blend of hyperfine components: F = 5/2 → 3/2, 7/2 → 5/2, 3/2 → 1/2, 3/2 → 3/2, 5/2 → 5/2, 3/2 → 5/2. h Contaminated by the J Ka,Kc = 13 3,11 → 13 2,12 transition of SO 2 at 267537.5 MHz. i Contaminated by the J Ka,Kc = 10 4,6 → 10 3,7 transition of SO 2 at 356755.2 MHz. j Highly contaminated by Galactic CO.
19 km s −1 . This spherical flow, exclusively present in line profiles of SiO, PN, and NaCl , is characterized by ΔV 1/2 ∼ 30-40 km s −1 -significantly more narrow than most of the apparent linewidths measured here.
These components are visible in the spectra of the other carbon-bearing species, displayed in Figures 2-4. In Figure 2 , spectra of HCN (J = 1 → 0 and 3 → 2), HNC (J = 3 → 2), and CN (N = 2 → 1) are presented. In the case of CN, two fine structure components are shown (J = 5/2 → 3/2 and 3/2 → 1/2), each of which consists of multiple hyperfine transitions whose positions and relative intensities are indicated underneath the spectrum (also see Milam et al. 2009 ) The contrast between the J = 3 → 2 lines of HCN and HNC is striking. The HNC profile consists exclusively of the blue-and redshifted outflows (see Figure 1 ). The HCN line appears Gaussian in shape, but is too broad-greater than 55 km s −1 -to only trace the spherical flow. The shape of the HCN line profile results from the presence of all three components. Emission from the spherical flow "fills in" the profile between the red-and blueshifted wings. When the blue-and redshifted flows are prominent in the spectra, a more "boxy" profile results, as seen in the J = 1 → 0 line of HCN (top panel: Figure 2 ) and in the J = 2 → 1 transition of CO ( Figure 1 ). As these components diminish in intensity, the profile becomes more Gaussian in appearance, as illustrated by the J = 3 → 2 transition of HCN. The linewidths thus are an important quantity in evaluating the origin of any particular molecule. In the case of CN, however, the presence of multiple hyperfine components makes evaluation of the line profiles uncertain. The spectra suggest that at least the so-called spherical outflow is traced by CN.
In Figure 3 , spectra of the J = 3 → 2 and 5 → 4 transitions of CS are displayed. The CS profiles both have very broad linewidths (ΔV 1/2 ∼ 70 km s −1 ), indicating the presence of all three velocity components. The J = 5 → 4 line in particular has the boxlike shape, resembling the J = 2 → 1 transition of CO (see Figure 1) , with red and blue outflows less obvious because of the reduced signal-to-noise ratio.
In Figure 4 , the spectra of HCO + are presented. The J = 1 → 0 and J = 2 → 1 transitions (top two panels) have broad line profiles (ΔV 1/2 ∼ 70 km s −1 ), indicative of all three outflows in VY CMa. (The J = 2 → 1 line near 178 GHz has a poorer signal-to-noise ratio because it lies close to the 183 GHz water line.) The other two transitions are contaminated by the J Ka,Kc = 13 3,11 -13 2,12 and 10 4,6 -10 3,7 lines of SO 2 near 267537 and 356755 MHz, respectively. The line profiles are too broad (ΔV 1/2 ∼ 100 km s −1 ) to arise from a single transition, and therefore must be blends of features. A representative SO 2 line profile, observed at 244254 MHz and scaled in velocity and brightness temperature to match the contaminating emission, is superimposed over the spectra in gray to illustrate the blending. Additional line intensity from other than SO 2 is clearly visible. Note that SO 2 has a distinctive line shape similar to that of HNC (see Figure 2) .
For comparison, CO and HCN spectra were measured toward other O-rich circumstellar shells: the supergiant NML Cyg and the AGB stars W Hya, TX Cam, and IK Tau. The J = 3 → 2 and J = 1 → 0 transitions of HCN in these objects are displayed in Figure 5 . The J = 1 → 0, 2 → 1, and 6 → 5 lines of CO were observed, as well, with the exception of the J = 6 → 5 line in IK Tau. Representative spectra are shown in Figure 6 for TX Cam and W Hya. The J = 6 → 5 transition of CO had not been previously observed in either of these objects. As shown in both figures, the line profiles for HCN and CO arising in these circumstellar shells are fairly symmetric and suggest one stellar wind component. (The structure in the J = 1 → 0 and 2 → 1 lines of CO in TX Cam arises from Galactic contamination.) Line parameters for CO and HCN in these sources are listed in Table 2 .
ANALYSIS
In order to determine molecular abundances and distributions, emission from the observed species was modeled using the non-LTE radiative transfer code of Bieging & Tafalla (1993) . This code utilizes the Sobolev approximation to solve the statistical equilibrium equations of molecular energy levels in discrete shells of a spherically symmetric circumstellar envelope. The molecular distribution is then convolved with the given telescope beam at the distance of the object. Table 3 lists the stellar parameters used for modeling each star. A common H 2 density profile was employed (based on A representative profile of SO 2 , taken from previous observations by Ziurys et al. (2007) , is overlaid on the data in gray and can account for some, but not all, of the observed emission. Features due to Na 37 Cl and an unidentified molecule, labeled "U," are present in the J = 3 → 2 spectrum. Kemper et al. 2003) :
whereṀ is the H 2 mass-loss rate, v exp is the terminal expansion velocity, and R * is the stellar radius. The calculation is initiated at r inner , and rotational levels (J 30) in the ground and first vibrational states are considered. Energy levels and Einstein A coefficients are derived from spectroscopic constants and dipole moments reported in the literature, and a black-body radiation field due to dust is also included (T dust at r inner ). Collisional excitation rates are those tabulated by Schöier et al. (2005) Flower (1999) . For CN, the HCN rates were employed after correcting for the fine and hyperfine structure.
The gas kinetic temperature profiles, presented in Table 3 , are inferred from past studies, which calculated the profiles self-consistently, accounting for both collisional and radiative heating and cooling. Since no such calculations have been published for IK Tau and TX Cam, we used the profile of GX Mon, an oxygen-rich AGB star of comparable size, mass-loss rate, and stellar temperature (Justtanont et al. 1994 ).
Molecular distributions are described by the Gaussian function
where f 0 is the abundance at r inner , and r outer is the radius where the abundance decreases by a factor of 1/e. In the case of HCO + , a shell distribution was also considered, described by the expression
In this function, f 0 indicates the peak abundance, which occurs at r shell , and r outer is the distance from r shell where the abundance falls by a factor of 1/e. For individual molecules in each envelope, the value of r outer was varied in increments of 3 , and the abundance, f 0 , was subsequently adjusted to achieve the best agreement between the observed and the predicted emission, determined by visual inspection. When available, emission from past published studies was also considered in the model fitting (CO: Kemper et al. 2003; Kerschbaum & Olofsson 1999; Knapp et al. 1998; Olofsson et al. 1991; Teyssier et al. 2006; HCN: Nercessian et al. 1989; Bujarrabal et al. 1994; Lindqvist et al. 1988; Lindqvist et al. 1992; Bieging et al. 2000; CN: Bachiller et al. 1997 ). The best-fit values of f 0 and r outer for each observed species are given in Tables 4-6. Because the abundance does not change significantly until r = r outer , f 0 represents the average abundance throughout the shell (i.e., f 0 = f). Our analysis suggests that the derived source sizes and abundances have absolute uncertainties of at most 30%, based on the quality of the fits to the line profiles.
In order to avoid circularity in our analysis of CO fractional abundances, it was necessary to adopt mass-loss rates that were derived from methods other than CO emission modeling. One commonly used technique for determining stellar mass-loss rates is to assume a CO abundance and outer radius, and then predict CO rotational emission line intensities as the mass-loss rate is varied. The "best" mass-loss rate is then selected based on agreement between observed and predicted emission lines (see, for example, Schöier et al. 2002) . In our analysis, we use massloss rates found from dust radiative transfer studies and ; it should be noted that these mass-loss rates tend to be in good agreement with CO emission-derived values.
Molecular line profiles from VY CMa suggest that emission arises from at least three kinematically distinct outflows, as shown in Figures 1-3 and discussed previously. It is possible to determine which component(s) are present in a given spectral profile by inspection of the line shape and velocity shift. Since each outflow region possesses a unique chemistry, we separately modeled emission in the three regions. For the central, spherical outflow, the model parameters given in Table 3 were used. In modeling of the red and blue flows, a spherically symmetric envelope is still assumed in the statistical equilibrium calculation. Instead of convolving the entire spherical envelope with the telescope beams, only conical sections of the envelope are integrated. In our analysis, the redshifted jet is best fitted by a cone directed 45
• off the line-of-sight away from the observer with an opening angle of 45
• and an expansion velocity of 42 km s −1 . The blueshifted flow is described by a cone pointing 20
• off the line-of-sight toward the observer with an opening angle of 45
• , expanding at a velocity of 38 km s −1 . The projection angles of the directed jets match the infrared features from Humphreys et al. (2005 Humphreys et al. ( , 2007 quite well. Arcs 1 and 2 appear to be related to the blueshifted wind, and the Curved Nebulous Tail (CNT) or Northwest Arc is likely to be associated with the redshifted flow (see Smith et al. 2001; Ziurys et al. 2007 ). Atomic spectra taken at positions across the IR emission features roughly agree in velocity with those of the molecular blue and red winds, further supporting this scenario. Additional mapping of molecular emission in VY CMa, such as that done by Muller et al. (2007) , would be very helpful in determining the exact kinematic structure of the outflows in this envelope.
DISCUSSION

VY CMa: A Unique Carbon Chemistry?
VY CMa appears to exhibit the most active carbon chemistry to date of any O-rich circumstellar shell, considering both supergiants and AGB stars. Furthermore, the six carbon-bearing species found in this object are not uniformly distributed, but occupy different outflows with varying abundances and physical extents, as shown in Table 4 . CO is still the most abundant molecule in all three regions, but appears to be most prevalent in the redshifted flow, where f (CO/H 2 ) ∼ 2 × 10 −4 . This abundance is typical for M stars (e.g., Ramstedt et al. 2008 ). The abundance drops by a factor of 3-5 in the other outflows, however. This molecule is also extended in the envelope out to ∼1000 R * . The modeling suggests a radius of r ∼ 5 for the redshifted flow (∼10 17 cm), 6 for the spherical wind (1.3 × 10 17 cm) and 9 for the blueshifted outflows (∼2 × 10 17 cm), for a source distance of 1.5 kpc. CO emission from the spherical flow thus encompasses the full extent of the outer halo of infrared emission, while the blueshifted flow appears to extend slightly beyond Arc 1. The redshifted wind in CO appears to also have a similar spatial extent as the CNT or Northwest Arc (e.g., Smith et al. 2001; Humphreys et al. 2005 Humphreys et al. , 2007 .
HCN is not nearly as extended as CO, with calculated source radii in the range r ∼ 2.3 -4.5 or 0.5-1 × 10 17 cm, corresponding to 250-500 R * (see Table 4 ). It is the second most abundant C-bearing molecule detected in the VY CMa and is observed in all three kinematic regions, with f (HCN/H 2 ) ∼ 1.2-7.5 × 10 −6 -about a factor of 10-30 less abundant than CO. In contrast, HNC was only observed in the blue and redshifted winds, with f ∼ 4-5 × 10 −8 , resulting in a [HCN]/[HNC] ratio of ∼ 150-190. Such a large ratio indicates that these species are located in warm gas (e.g., Ziurys & Turner 1986 ). There is some Galactic contamination in the J = 1 → 0 and 2 → 1 lines in TX Cam, which appears as sharp "absorption" dips in the data. The J = 6 → 5 transition had not previously observed in these objects, and helps to constrain the CO abundance.
Table 3
Modeling Parameters The presence of extensive hyperfine structure in the spectra of CN, along with the low brightness temperatures, makes discernment of individual velocity components very uncertain for VY CMa. The CN data were consequently fitted only with a spherical component, also folding in the 30 m spectrum of the N = 2 → 1 transition from Bachiller et al. (1997) . The resulting abundance is f ∼ 1.8 × 10 −8 for a source radius of r ∼ 5.5 or 600 R * . This radical thus appears to be slightly more extended than HCN, indicating that CN is a photodestruction product of HCN.
In contrast to CO and HCN, our analysis suggests that the spatial distribution of CS is relatively confined with r ∼ 0.5 , or 60 R * , although it is present in all three winds (see Table 4 ). Its abundance falls in the range f ∼ 2-6 × 10 −7 , making it the third most abundant carbon-bearing molecule observed in VY CMa. This species is likely to be created in photospheric shocks and then processed into other chemical species in the expanding envelope.
HCO + appears to be present in all three outflows, with a spatial extent at least comparable to that of CO (r ∼ 1000 R * ; see Table 4 ). The modeling suggests an abundance of 1-2 × 10 −8 in the red-and blueshifted winds. The spherical wind has a somewhat lower HCO + abundance of f ∼ 4 × 10 −9 -but with a radius of 9 (2 × 10 17 cm). This component can also be reproduced by a shell model with r shell ∼ 6.3 and a comparable abundance (see Table 4 ). The coincident spatial distributions of CO and HCO + point to a photochemical origin of HCO + linked to CO.
Overall, the abundances of the C-bearing molecules appear to be slightly higher in the red-and blueshifted flows than the spherical component. The enhancement in HCN is the most noticeable-a factor of 6, while the enrichments in HCO + and CS are factors of 2-4. The effects of additional shocks within these flows, perhaps caused by these winds impinging on the spherical, more quiescent component, may be causing an increase in molecular abundances. Additional observations are needed to see if this effect is real.
Comparison with Other O-Rich Envelopes
CO and HCN abundances and source sizes for the AGB stars TX Cam, IK Tau, and W Hya, as well as the O-rich supergiant NML Cyg, are listed in Table 5 , along with those of VY CMa for the spherical component. As this table illustrates, the CO abundance is in general higher for the AGB stars (f ∼ 3-5 × 10 −4 ), relative to the two supergiants by about an order of magnitude. As shown in Table 3 , VY CMa and NML Cyg have mass-loss rates ofṀ ∼ 2 × 10 −4 M yr −1 -at least a factor of 40 greater than those of the three AGB stars. (These rates have been derived from dust measurements, not CO emission, as previously discussed.) Although the statistics involve a small sample, these results suggest that the abundance of CO may vary among O-rich circumstellar shells. The spatial extent of the CO emission also fluctuates. The source radius in CO for TX Cam, at a distance of 390 pc (see Table 3 ), is comparable to that of the two supergiants-roughly 3 × 10 17 cm. The extent of CO in IK Tau is only marginally less (9 × 10 16 cm), but that of W Hya is over an order of magnitude smaller (r ∼ 8 × 10 15 cm). There are of course uncertainties in stellar distances and mass-loss rates, as well as in the model predictions, although other studies have suggested that mass-loss rates are reliable to within factors of ±3 (Ramstedt et al. 2008) .
The abundances of HCN in this sample of O-rich stars fall in the range 0.9-9 × 10 −6 , relative to H 2 . In all cases the source size in CO is larger than that of HCN by roughly 1.4-3 (Table 5 ). There is no obvious difference in HCN abundances between the supergiants and AGB stars; the values in VY CMa and NML Cyg lie midrange of those in the AGB stars. The HCN abundance does not appear within this sample to increase with mass-loss rate (see Olofsson et al. 1991) .
Another comparison is the [HCN]/[CO] ratio, which is also given in Table 5 Some differences in abundances between the supergiants and the AGB stars are perhaps expected. VY CMa and supergiants in general appear to have "macroturbulent" velocity structures probably caused by supermassive convection cells (Humphreys et al. 2007; Lim et al. 1998) . The likelihood of the effects of shocks should be considerably higher in supergiants relative to AGB stars. In fact, the chemical composition of VY CMa most closely resembles that of certain oxygen-rich protoplanetary nebulae such as OH 231.8+4.2 and IRAS 19312+1950 (e.g., Omont et al. 1993; Bujarrabal et al. 1994; Sánchez-Contreras et al. 2004; Nakashima & Deguchi 2005) . Although these objects follow completely different evolutionary tracts, they all contain high velocity outflows with evidence for shocked material.
It should also be noted that line shapes for these objects may be deceptive, as has been found in the case of VY CMa. A more complex structure could be hidden in the profiles of NML Cyg, for example, which might be more apparent in other molecular transitions. The CO line profiles in TX Cam are anomalous, as well. Although the appearance of the profiles suggest optically thick spectra in TX Cam (see Figure 5 ), our analysis and also that of Ramstedt et al. (2008) only produce lines that are optically thin. A more complex kinematic structure in the envelope may be creating a line profile that has a misleading "thick" shape.
Non-Equilibrium Shock Chemistry Versus Photodissociation Processes
A summary of abundances for the six C-containing species studied here is given in Table 6 , along with the theoretical predictions of circumstellar chemistry in O-rich stars considering photospheric shocks (Duari et al. 1999; Cherchneff 2006) and photochemical production (Willacy & Millar 1997; Mamon et al. 1987) . Additionally listed are typical abundances for C-rich stars. Given the morphology of supergiants such as VY CMa, a direct comparison between such models and the observations is likely to be overly simplistic. The current shock models, for example, predict abundances at 2-5 R * , and these observations encompass the entire envelope. However, these models are the best that are currently available and some relative evaluation is warranted.
As the table summarizes, the shock models can account for the concentrations of CO, HCN, and CS in both types of Orich envelopes (Cherchneff 2006; Duari et al. 1999) . In these calculations, CO is produced via a trimolecular reaction C + O + M, where M is a third body. HCN enhancement is thought to occur via CN, which is created behind the shock front from the reactions N + CH and N + CS. The process CO + S leads to CS. The one exception is the case of CO in the supergiants. The shock models give f (CO/H 2 ) ∼ 5-6 × 10 −4 in O-rich envelopes (see Table 6 )-about an order of magnitude higher than what is observed in VY CMa and NML Cyg. Note that aperture synthesis maps toward W Hya, IK Tau, and TX Cam with ∼0.5 -3 resolution also indicate an inner shell, shock origin of HCN (Marvel 2005; Muller et al. 2008) .
The photochemical models also can account for the abundance of CS in VY CMa. In this case, however, significant production of this species is predicted in the outer envelope from the dissociative electron recombination of HCS + (Willacy & Millar 1997) . The confined spatial distribution of CS in VY CMa is evidence against this interpretation. The photochemical predictions are clearly too low in the case of HCN by at least an order of magnitude. In this scenario, the photodestruction products CH and CH 3 are the source of carbon for HCN. Neutral-neutral reactions of NO + CH or CH 3 + N lead to this species.
The shock models successfully produce the HCN/CO ratio as well. These calculations predict [HCN/CO] ∼ 0.004-0.02 at r > 2 R * (Duari et al. 1999; Cherchneff 2006) , in good agreement with most of the observations. The photochemical approach (Willacy & Millar 1997) Either type of model can account for the abundance of CN, to within an order of magnitude. However, it is fairly clear that photodissociation of HCN is a major origin of this radical in C-rich circumstellar shells (e.g., Bachiller et al. 1997) , and this source may also be viable in O-rich envelopes. The agreement between the spatial distributions of CN and HCN in VY CMa suggests such a connection. Willacy & Millar (1997) also predict additional photochemical pathways to this radical from CH 3 CN and HCNH + in the regions closer to the star, but these production routes may not be necessary.
Photochemical models predict the abundance of HCO + in VY CMa reasonably well. Calculations by Mamon et al. (1987) suggest f ∼ 2 × 10 −8 for a mass-loss rate of 10 −4 M yr −1 , in agreement with the data for VY CMa. They also predict two pathways for HCO + formation: C + + H 2 O and H 3 + + CO. The latter reaction replenishes the amount of HCO + in the outer envelope, which decreases as H 2 O is photodissociated. Observations suggest that this ion is at least as extended as CO, supporting this scheme. Willacy & Millar (1997) (Willacy & Millar 1997; Nejad & Millar 1988 ). This ratio is thought to be an excellent diagnostic for photochemically induced synthesis of carbonbearing species. The distribution of HNC is also confined in VY CMa (r 150 R * ), indicating an origin closer to the photosphere, but there are currently no abundance predictions for this species from shock models.
There have been theoretical calculations predicting that parent molecules such as CO, HCN, and CS may have constant circumstellar abundances nearly independent of the C/O ratio in AGB stars (Cherchneff 2006) . The rationale for this theory is that such species are all formed in shocks near the stellar photosphere. Presumably "freeze-out" locks the abundances throughout the majority of the shell thereafter (e.g., Scalo & Slavsky 1980) . For comparison, representative abundances for carbon-bearing species in C-rich envelopes are also given in Table 6 . The abundances for CS, CO, and HCN in the O-rich AGB stars are at most a factor of 4 lower than in the C-rich case, but are an order of magnitude smaller for the supergiants. The shells of supergiant stars probably represent a separate class. The abundance of CN is also significantly higher in the C-rich case. Studies of this radical by Bachiller et al. (1997) 
CONCLUSIONS
These new observations have increased the inventory of Cbearing molecules to six in the circumstellar envelope of VY CMa, making this object the richest M-type envelope to date for carbon chemistry. Furthermore, the spectra obtained from VY CMa show three distinct outflows with differing molecular abundances, adding another degree of chemical complexity. These results suggest that detailed studies of other O-rich stars might be fruitful and could reveal more than the usual spherical expanding envelope assumed for these sources, as well as new C-bearing species such as HCO + . A combination of shock and photochemical processes is needed to account for the observed abundances in VY CMa and four other O-rich stars, although more computations are clearly needed to differentiate between these competing scenarios. These data also imply that CO and HCN abundances vary among O-rich circumstellar shells, despite having similar C/O ratios; supergiants and AGB stars may exhibit somewhat different chemistries, likely to be a result of increased outflows and shocked gas in the supergiant case. The molecular composition of O-rich shells is an area that definitely needs further investigation.
